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ABSTRACT

As biomass power production becomes more main stream, problems with waste
disposal arise. Coal fly ash, a by-product of coal power production, has beneficial
strength and durability properties when used as a cement replacement material. This
study examined strength and durability characteristics of mortar and concrete samples
containing biomass fly ash obtained from Craven County Wood Energy in North
Carolina and examined methods of processing the material to enhance its pozzolanic
characteristics.
The chemical and mineralogical compositions of the ash were determined using
X-ray fluorescence (XRF), X-ray diffraction (XRD), and energy dispersive X-ray
spectroscopy (EDS). The compositions met the requirements outlined by the ASTM
C618 specification, the Standard Specification for Coal Fly Ash and Raw of Calcined
Natural Pozzolan Use in Concrete, with the silica being the most abundant compound.
The measured loss on ignition was greater than that allowed by the ASTM C618
specifications. The microstructure of the ash was observed using a scanning electron
microscope (SEM). As-received, the biomass fly ash had a high carbon content and
required further processing. To determine the optimal method of processing the ash,
mortars were created using different ash replacement levels, varying the temperatures at
which the ash was fired, and varying the grinding regime. Compressive strength tests and
thermogravimetric analyses (TGA) were used to compare the samples. It was found that
a 20 percent replacement level and a 30 minute grinding time produced the most
favorable results. Further studies are required to determine the optimal firing
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temperature. The TGA showed only a slight reduction in Ca(OH) 2 indicating minimal
pozzolanic reactivity. This means the compressive strength results could be the result of
the filler effect rather than pozzolanic reactivity. Reducing the firing time may improve
the pozzolanic reactivity of the biomass fly ash, although further studies would be
required to confirm this hypothesis.
Concrete properties were measured using compressive strength tests and rapid
chloride permeability tests. Concrete cylinders were cast using a biomass fly ash
replacement level of 20 percent, grinding the ash at 250 rpm for 30 minutes and firing the
ash at 950 oC for one hour. The samples containing biomass fly ash produced a
compressive strength 77 percent that of the control and biomass fly ash did not improve
the permeability.
This study found that additional processing was required to remove excess carbon
from the ash. This trend may not be true of all biomass fly ash samples. Tests should be
performed on biomass fly ashes from many different power plants to determine the
impacts of different maximum temperatures, cooling rates, fuel sources, and burning
efficiencies. One of the first tests on new ash samples should be an XRD to determine if
a glassy form of silica is present. The XRD results from the Craven County biomass fly
ash used in this study showed no glassy silica, and no amount of processing could make
the quartz reactive enough to be useful as a supplementary cementitous material.
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CHAPTER ONE
INTRODUCTION

Background
Producing cement is an energy intensive process and harmful to the environment.
Globally, 1.5 billion tons of cement are used each year. Cement production releases
approximately one ton of CO2 for every ton of cement produced, which makes up 7% of
all CO2 emissions produced globally [1]. One way to reduce the negative impacts of
cement production is to simply use less cement. One common way to use less cement is
to replace a portion of cement with another reactive material, such as fly ash.
Traditionally, coal is burned to produce power at power plants. Burning coal
produces ash which is difficult to dispose of. Fly ash produced at coal-burning power
plants is an excellent pozzolanic material and can effectively be used in the production of
concrete to replace as much as 20 percent of the required cement. As more emphasis is
placed on the environment and sustainability, many power plants are shifting from coalburning power plants to biomass or co-fired power plants. These plants burn agricultural
or industrial waste products (such as saw dust and switch grass) instead of or alongside
coal. This process changes the chemical composition of the resulting ash, and the ASTM
C618 specification prohibits the use of any fly ash not derived from coal combustion in
concrete production. This research seeks to determine if fly ash generated from biomass
power plants can successfully be used as a supplementary cementitous material.
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Objective
The principal objective of this study was to examine physical and durability
properties of mortars containing biomass fly ash obtained from Craven County Wood
Energy in North Carolina and to successfully process the ash for use as a supplementary
cementitous material. Ash properties studied include chemical composition, loss on
ignition and microstructure. The replacement level, grinding time, and firing temperature
were varied to determine their impacts on the compressive strength of mortar cubes.
Results were compared to the requirements as outlined by the ASTM C618 specification,
the Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for
Use in Concrete and verified by thermogravimetric analysis. Next, concrete properties
including compressive strength and permeability were studied.
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CHAPTER TWO
LITERATURE REVIEW

Pozzolans
Overview
Pozzolans are finely divided particulate materials that are rich in siliceous or
alumino-siliceous glass, which in the presence of moisture can react with calcium
hydroxide to produce a highly cementitous reaction product, C-S-H gel, at ordinary
temperatures. Calcium hydroxide (Ca(OH)2) is one of the principal products in the
hydration reaction of Portland cement, as shown in Eq. (1.1); however, it does not
contribute much to the strength of the hydrated cement paste. Furthermore, Ca(OH) 2 is
vulnerable to leaching from the hydrated cement paste, thus negatively affecting the
durability of concrete. Pozzolans work by reacting with Ca(OH) 2 to produce calcium
silicate hydrate (C-S-H gel), the principle binding agent in cement. This process is
shown in Eq (1.2).

2Ca3SiO5 + 11H2O → 3CaO•2SiO2•8H2O (C-S-H gel)+ 3Ca(OH)2

(Eq. 1.1)

Ca(OH)2 + SiO2 + H2O → C-S-H gel

(Eq. 1.2)

Converting the Ca(OH)2 into the cementitous C-S-H gel through the pozzolanic
reaction minimizes the weakness of the cement and adds additional cementitous material,
increasing the concrete’s strength [2]. The pozzolanic reaction results in a slower
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strength gain and a longer setting time, but results in a stronger and a more durable
concrete mixture in the long term [3].
Pozzolans are added to concrete by replacing a portion of the cement. Reducing
the cement requirement, the most expensive component in concrete, reduces the total cost
of concrete construction. In addition, replacing Portland cement with pozzolans can
significantly reduce the carbon footprint of concrete, as production of each ton of
Portland cement produced results in CO2 emissions of approximately one ton [4].
The ancient Greeks exhibited one of the first examples of pozzolan use when they
mixed volcanic glasses with hydraulic lime to create a mortar. The ancient Romans
successfully incorporated volcanic tuffs with lime to create long-lasting concrete
structures, such as the Pantheon, the Coliseum, and miles of aqueducts [1].
More recently, increasing regulations on air pollution have generated an
abundance of industrial byproducts that exhibit pozzolanic qualities. Incorporating these
byproducts in concrete not only removes them from the landfill, but they can improve
concrete properties and reduce the cement requirement. Some industrial byproducts
commonly used as supplementary cementitous materials include blast-furnace slag, silica
fume, and coal fly ash [1].

Blast-Furnace Slag
Blast-furnace slag is the result of producing cast iron. Rapidly quenching the
liquid slag keeps a large portion of the slag’s lime, magnesia, silica, and alumina in a
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glassy state. The resulting sand-sized particles are ground to 400 to 500 m2/kg Blaine
fineness, improving their reactivity [1].

Silica Fume
Silica Fume is the result of producing silicon metal and ferrosilicon alloys. To
produce silicon, quartz is heated to 2000 oC, which also produces SiO vapors. As they
cool, these vapors condense to form spherical particles. These particles have an average
diameter of 0.1 µm and a surface area between 15 and 25 m2/g. These very fine particles
are reactive, but also quite difficult to handle and they increase the water demand when
mixed in concrete [1].

Coal Fly Ash
Coal fly ash is the result of burning coal in a power plant. As the powdered coal
is heated, volatile matter and carbon are incinerated while impurities such as clay, quartz,
and feldspar melt. As the temperature is reduced, these impurities condense to form
spherical, glassy particles. These fine particles escape with the flue gasses. They are
separated and collected by cyclone separation, electrostatic precipitation, and bag-house
filtration [1].

Pozzolan Benefits
Pozzolans have many beneficial properties when added to concrete. Due to their
fine particle size and spherical shape, silica fume and fly ash can improve the workability
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of fresh concrete. One study found that replacing 30 percent of cement with coal fly ash
reduced the water demand by seven percent to achieve an equal slump [5]. The fine
particles also help reduce concrete bleeding by filling in void spaces between cement
grains. Using pozzolanic material reduces thermal cracking during large pours. The
pozzolanic material tends to react slower than cement, and it tends to produce about half
as much heat as cement hydration [1]. Pozzolanic material increases the long-term
strength gain of concrete. Through the pozzolanic reaction, Ca(OH)2, which contributes
little to strength gain, is converted to C-S-H gel, the “glue” in the concrete.

Coal Fly Ash Properties
Overview
This study will focus on the pozzolanic properties of biomass fly ash. First, it is
important to understand what makes coal fly ash a widely-accepted supplementary
cementitous material. The ASTM C618 specification defines three classes of pozzolans
and their required properties to be acceptable supplementary cementitous materials. A
Class N pozzolan is a natural pozzolan, such as volcanic ash. A Class F pozzolan refers
to the fly ash resulting from the combustion of anthracite or bituminous coal. A Class C
pozzolan refers to the fly ash resulting from the combustion of lignite or subbituminous
coal.
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Chemical Composition
As shown in Table 2.1, the ASTM C618 specification lists chemical requirements
for a pozzolan to be considered a supplementary cementitous material.

Table 2.1: ASTM C618 Chemical Requirements
Class
F
70.0

N
C
Silicon dioxide (SiO2) plus
70.0
50.0
aluminum oxide (Al2O3)
plus iron oxide (Fe2O3), min,
%
Sulfur trioxide (SO3), max, %
4.0
5.0
5.0
Moisture content, max, %
3.0
3.0
3.0
A
Loss on ignition, max, %
10.0
6.0
6.0
AThe use of Class F pozzolan containing up to 12.0% loss on ignition may be approved
by the user if either acceptable performance records or laboratory test results are
made available

A study by Chindaprasirt, Kanchanda, Sathonsaowaphak, and Cao compared the
chemical compositions of Portland cement, coal fly ash, and rice husk ash [4]. Their
results appear in Table 2.2.
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Table 2.2: Chemical Compositions of Portland Cement, Fly Ash and Rice Husk Ash
Oxides
CaO
SiO2
Al2O3
Fe2O3
MgO
SO3
Na2O
K2O
LOI

PC
63.4
22.1
3.7
2.9
2.5
2.5
0.1
0.5
1.1

FA
13.0
44.4
23.5
10.2
3.0
1.1
0.1
2.0
1.8

RHA
0.8
90.0
0.5
0.9
0.6
0.1
0.1
2.1
3.2

The coal fly ash from this study would be considered Class F because it has
greater than 70 percent silicon dioxide, aluminum oxide, and iron oxide. The pozzolan
should have a high silica content because silica is needed to react with Ca(OH) 2 in the
pozzolanic reaction.
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Physical Composition
The ASTM C618 specification also lists physical requirements for natural
pozzolans and fly ashes, as seen in Table 2.3.

Table 2.3: ASTM C618 Physical Requirements

Fineness:
Amount retained when wet-sieved on 45
micron (No. 345) sieve, max, %
Strength Activity Index:
With Portland cement, at 7 days, min,
percent of control
With Portland cement, at 28 days, min,
percent of control
Water requirement, max, percent of control
Soundness:
Autoclave expansion or contraction, max,
%
Uniformity requirements:
The density and fineness of individual
samples shall not vary from the average
established by the ten preceding tests, or by
all preceding tests if the number is less than
ten, by more than:
Density, max variation from average, %
Percent retained on 45 micron (No. 325)
sieve, max variation, percentage points
from average

N

Class
F

C

34

34

34

75

75

75

75

75

75

115

105

105

0.8

0.8

0.8

5
5

5
5

5
5

Meeting the strength activity index requirement indicates compliance with the
specification. Pozzolans tend to absorb mix water, so the requirement allows a 15%
increase in mix water for natural pozzolans and a 5% increase for fly ashes. The
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uniformity requirements exist to minimize the effects of inconsistent coal composition
and the varied burning efficiencies.

Types of Coal
The physical and chemical compositions of the materials from which the fly ash is
derived significantly impacts the physical and chemical properties of the ash. The
properties of coal fly ash depend on which type of coal is burned. Some coal
classifications include lignite, subbituminous, bituminous, semibituminous,
semianthracite, and anthracite [6].
Lignite, or brown coal, is identified by its brown color and is the lowest grade of
coal. It has a specific gravity of 0.5 to 1.30 and it has a calorific value between 5500 and
7000 BTU. The typical composition of lignite can be found in Table 2.4.

Table 2.4: Average Lignite Composition [6]
Moisture
Volatile Matter
Fixed Carbon
Ash
Sulphur
Hydrogen
Carbon
Nitrogen
Oxygen

14.42 %
40.78 %
36.37 %
9.32 %
1.14 %
5.14 %
58.14 %
1.05 %
25.17 %
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Subbituminous coal is graded between lignite and bituminous. It tends to be a
glossy black in color and has a calorific value between 8000 and 10,000 BTU. The
typical composition of subbituminous coal can be found in Table 2.5.

Table 2.5: Average Subbituminous Coal Composition [6]
Moisture
Volatile Matter
Fixed Carbon
Ash
Sulphur
Hydrogen
Carbon
Nitrogen
Oxygen

1.94-40.58 %
7.50-70.86 %
18.00-83.00 %
2.06-55.40 %
0.15-8.65 %
1.76-6.98 %
30.68-86.85 %
0.49-2.13 %
2.80-28.00 %

Bituminous coal produces a yellow flame and gives off a distinct odor. While
black in color, the luster varies greatly. Bituminous coal has a calorific value between
12,000-14,500 BTU. The typical composition of bituminous coal can be found in Table
2.6.

Table 2.6: Average Bituminous Coal Composition [6]
Moisture
Volatile Matter
Fixed Carbon
Ash
Sulphur
Hydrogen
Carbon
Nitrogen
Oxygen

2.00-10.00 %
25.00-40.00 %
45.00-65.00 %
5.00-12.00 %
0.50-2.00 %
4.50-6.00 %
60.00-80.00 %
0.80-2.00 %
7.00-20.00 %
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Semibituminous coal is graded between bituminous and bituminous coal and
semianthracite coal. Its average calorific value is between 14,000 and 15,000 BTU. The
typical composition of semibituminous coal can be found in Table 2.7.

Table 2.7: Average Semibituminous Coal Composition [6]
Moisture
Volatile Matter
Fixed Carbon
Ash
Sulphur
Hydrogen
Carbon
Nitrogen
Oxygen

2.00-4.00 %
14.00-18.00 %
70.00-80.00 %
4.00-8.00 %
0.50-1.20 %
4.00-5.00 %
76.00-82.00 %
1.00-1.50 %
4.50-6.50 %

Semianthracite coal is graded below anthracite. It crumbles more readily than
anthracite due to its higher percentage of volatile material. Its average calorific value is
between 12,460 and 14,184 BTU. The typical composition of semianthracite coal can be
found in Table 2.8.
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Table 2.8: Average Semianthracite Coal Composition [6]
Moisture
Volatile Matter
Fixed Carbon
Ash
Sulphur
Hydrogen
Carbon
Nitrogen
Oxygen

1.96-7.94 %
6.81-32.46 %
38.24-82.00 %
4.33-14.50 %
0.57-4.05 %
3.69-4.81 %
72.43-80.00 %
0.51-1.45 %
5.46-10.02 %

Anthracite coal has an iron-black color. Its luster can vary between dull and
brilliant. Unlike bituminous coal, anthracite coal does not soil the fingers when handled.
Its average calorific value is between 9,230 and 13,298 BTU. While its calorific value is
not as high as high quality semibituminous or bituminous coal, anthracite coal burns
much longer and produces less soot. The lower calorific value can be attributed to the
smaller amount of volatile material, preventing the coal from rapidly reaching a high
temperature. The typical composition of anthracite coal can be found in Table 2.9.

Table 2.9: Average Anthracite Composition [6]
Moisture
Volatile Matter
Fixed Carbon
Ash
Sulphur
Hydrogen
Carbon
Nitrogen
Oxygen

0.42-5.61 %
1.72-10.75 %
73.71-90.90 %
3.20-30.09 %
0.17-2.60 %
1.89-5.61 %
78.41-83.89 %
0.63-1.57 %
3.80-11.54 %
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From Tables 2.5 to 2.9, it is clear that the inputs into a coal power plant can vary
greatly. The wide range in moisture content affects burning efficiency. The amount of
volatile matter affects how quickly the material can be heated [6].

Previous Biomass Fly Ash Studies
The properties of fly ashes are closely related to the material fired to create them.
Coal fly ash is the result of burning coal, and thus has a fairly uniform composition from
one plant to another. The term “biomass fly ash,” however, refers to ashes generated
from burning a number of materials, including but not limited to wood chips, switch
grass, fallen logs, and yard clippings. Due to the variability in the fuel sources, it is
difficult to compare the results from tests performed at different power plants and using
different biomass sources. The following case studies present some of the current work
in biomass ash research, but similar results should not necessarily be expected for ash
samples from other power plants.
A study by Wang and Baxter examined several characteristics of concrete
specimens using varying amounts co-fired biomass fly ash as supplementary cementitous
materials. Ash samples were generated by firing switch grass or sawdust with coal. This
study found that at a 25 percent replacement level, biomass fly ash had a similar
compressive strength to coal fly ash from 7 to 365 days, and had similar strength to pure
cement from 1 to 12 months. Using a microscopic study, it was determined that the
biomass underwent significant pozzolanic reaction. The study also concluded that two
types of biomass ash reduced ASR expansion. These two ash samples were the result of
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co-firing 10 and 20 percent switch grass with Powder River Basin coal [7]. Wang,
Miller, Lllamazos, Fonseca and Baxter conducted a similar study using fuel sources of
coal, wood, blended wood and coal, and blended switch grass and coal. The addition of
each of the fly ashes increased the setting time when compared to a control. The
biomass-coal blended cements had similar compressive strengths as coal fly ash cements;
both lowered the compressive strength from 1 to 7 days and increased the compressive
strength from 1 month to 1 year. Samples containing wood fly ash performed similarly to
coal fly ash from 1 to 7 days, but had statistically less compressive strength compared to
other fly ash samples or compared to a control between 1 month and 1 year. In addition,
this study found that wood fly ash had a 6 percent higher water demand than pure cement
[3]. Yet another study by Wang, Baxter and Fonseca using fuel sources of coal, wood,
blended wood and coal, and blended switch grass and coal found that smaller biomass fly
ash particles had a higher reactivity caused by their higher surface areas [8].
A study by Wang, Llamazos, Baxter and Fonseca looked at the durability of
concrete containing biomass fly ash. The biomass ash studied included fly ash from cofiring switch grass with coal, wood fly ash, and a blend containing wood fly ash and coal
fly ash. This study found that the addition of fly ashes did not significantly impact the
freezing and thawing behavior of concrete; however, the addition of various fly ashes did
affect the amount of air entraining agent required to achieve the desired air content. The
ash derived from burning 20 percent switch grass and 80 percent Galatia coal had the
highest air entraining agent requirement. The wood fly ash sample, class C fly ash
sample, and the pure cement sample had the lowest air entraining agent requirements.
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The study found that two types of biomass fly ash had similar rapid chloride permeability
reductions as those resulting from coal fly ash. The samples containing wood ash and
blended wood and coal ash had a higher rapid chloride permeability. The higher
permeability could be caused by the coarser particle size of the wood fly ash [9].
A study by Tkaczewska and Malolepszy examined the hydration properties of fly
ash resulting from co-firing of biomass and coal. This study found that the addition of
coal-biomass fly ash delayed cement hydration and reduced the peak heat of hydration
when compared to coal fly ash. At 28 days, the degree of hydration of C 3S for the coalbiomass fly ash was 19 percent lower than that of coal fly ash. After 180 days, the
difference was 17.3 percent. The coal-biomass fly ash increased the porosity of cement
paste when compared to coal fly ash. This study concluded that coal-biomass fly ash
should not be used as a pozzolanic additive to Portland cement without being further
processed to increase its pozzolanic activity [10].

Biomass Power Production
Recent History of Biomass Co-firing
Co-firing of biomass has been practiced in the Netherlands for over a decade.
Increasing emission regulations pushed many plants to burn more than ten percent
biomass along with coal. Plants experimented with many fuel sources, including sewage
sludge, paper sludge, waste wood, biomass pellets, municipal waste, coffee grounds, and
cacao shells. One of the early concerns was the quality of the ash produced. The initial
tests from 2001 found that co-firing waste wood at approximately 25 percent, refuse
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derived fuel at approximately 15 percent, and chicken manure at approximately 3 percent
did not significantly influence the ash properties [11].
Three specific methods of co-firing have been successfully employed in the
Netherlands. Co-milling the biomass with the coal required a small investment and is
easy to convert back to a coal-burning plant if desired, but this process limits the
proportion of biomass that can be co-fired and limits the fuel source possibilities. Premilling the biomass and injecting it in the coal feed pipe after the coal is milled allows for
a greater variety of fuel sources, but requires additional space for the addition of a new
mill and requires a short outage as the new system is connected. A third option is
separate milling and dedicated burners. This method has no effect on the coal milling or
combustion process, and includes a second burner to optimize biomass efficiency. This
process requires a larger investment and a longer outage period to install the new burners.
The co-firing process is not without its own set of concerns. Grinding the
biomass can be difficult due to its moisture content and fibrous texture. Moist biomass
does not burn as efficiently as coal. The biomass and coal may burn at different
temperatures. Some biomass sources may contain sulphur or chloride, which can
accelerate the corrosion of furnace walls. Landfilling the byproducts, the bottom ash and
the fly ash, is often not possible due to the altered composition, so an alternate use for
these products needs to be determined [11].
One of the plants in Wroclaw, Poland has found a way to reduce emissions while
improving the efficiency of biomass co-firing. The plant found that using a rotating
opposed fired air system allows greater proportions of biomass to be fired, between 40
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and 100 percent. The system reduced NOx emissions from 540 mg/Nm3 to 200 mg/Nm3
and reduced the amount of unburned carbon in the ash to below five percent. Because
the sulphur content of the biomass is only 3 percent that of coal, co-firing 45 percent
biomass ash reduced SO2 emissions by 36 percent. Mercury emissions were also reduced
due to the low mercury content of the biomass. The system has been successfully tested
using wood, straw, and willow pellets [12].

Benefits of Biomass-generated Power
Coal-fired power plants produce over half of the electricity used in the United
States. Unfortunately, the acquisition for and use of coal in power production has many
negative environmental effects. Strip mining can permanently destroy land and pollute
groundwater sources. Coal-fired power plants are responsible for 93.4% of the SO2,
80.2% of the NOx, and 73.5% of the CO2 emissions associated with power production. In
the U.S., 35.8% of all carbon emissions come from coal. Burning coal results in a high
ash content, less than half of which is recycled in asphalt, wall board, cement, and
structural fill production [13].
One solution to mitigate these harmful effects is to add biomass to the fuel source.
Waste biomaterial from paper production or agricultural activities can be used to create a
closed loop system, eliminating a waste source from one industry and creating an input
for another. Biomass grown specifically for power production, such as switch grass, can
be grown near power plants. These materials are considered carbon neutral because new
plant growth consumes the carbon released from burning them, and growing them close
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to the plant reduces carbon emissions associated with transportation. When compared to
coal, biomass tends to have a lower sulfur content, so it can be burned to reduce a plant’s
SO2 emissions. Biomass produces less ash than coal, minimizing the amount of solid
waste [13].
Increasing regulations on emissions will require power plants to change their
current practices. To reduce emissions, plants have three primary courses of action:
improve plant efficiency, capture greater amounts of pollutants before they leave the
plant, or change the fuel source. Power production is a business and the most economical
of these options is to change the fuel source. Purchasing new equipment to improve
efficiency or to capture pollutants is costly, and waste biomaterial can be purchased much
more cheaply. Additionally, consumers may prefer to produce power from a “green”
plant, so changing the fuel source could be used as a marketing tool [13].

Biomass Co-firing Life-Cycle Assessment
To verify the viability of adding biomass to the fuel source, M.K. Mann and P.L.
Spath performed a life cycle assessment (LCA) for a co-firing power plant using 5% and
15% biomass in its fuel source. An LCA examines the environmental impact resulting
from all phases of a process, including material acquisition, transportation, use, and
disposal. Mann and Spath found that co-firing can result in significant reductions in the
environmental impact of electricity production. The net energy requirement was reduced
because less coal was burned and because obtaining biomass requires less energy than
mining coal. Nearly all of the air emissions were reduced, even when only a small
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amount of biomass was added. Solid waste emissions were also significantly reduced.
Co-firing reduced the boiler ash and flue gas quantities and avoided landfilling of waste
biomass, such as fallen trees [13].
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CHAPTER THREE
EXPERIMENTAL PROGRAM

Materials
Craven County Wood Energy
Located near New Bern, North Carolina, the Craven County Wood Energy
(CCWE) facility utilizes a combustion boiler and steam turbine process to produce
energy. CCWE burns clean waste materials, such as “bark, mill residuals, and other
waste wood, such as tree trimmings, recycled pellets, clean wood from landfills, wood
shavings recovered from local brooder house poultry growing operations, wood chips and
residue that are a byproduct of logging operations and waste railroad ties” [14]. Fossil
fuels are used only in small amounts for facility startup. The nominal plant capacity is 50
megawatts, and has been in operation since 1991. Fly ash from the plant is currently used
as a liming agent by local farmers, and bottom ash is used for farm and logging roads
[14].

Ash Properties
Chemical Composition
X-ray fluorescence (XRF) is used to determine the chemical composition of a
material. For this study two samples were prepared: as-received ash and ash fired for one
hour at 950 oC. The samples were finely ground and then sent to the Construction
Technology Labs (CTL) Group in Skokie, Illinois for testing.
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Mineralogical Composition
X-ray Diffraction (XRD) is used to determine the mineralogical composition of a
material. Two samples were prepared for this study: as received ash and ash fired for one
hour at 950 oC. Both samples were finely ground. A Rigaku – Ultra IV X-Ray
Diffractometer was used in this study. 10mm and 0.3mm slits were used, and the angle
was varied from 5 to 75 degrees. The test was run for one hour for each sample.

Loss on Ignition
Loss on Ignition (L.O.I.) is a test used to determine the percentage of volatile
material in the ash. For this study two samples were prepared: as-received ash and ash
fired for one hour at 950 oC. The samples were finely ground and then sent to the
Construction Technology Labs (CTL) Group in Skokie, Illinois for testing.

Microstructure
The scanning electron microscope was used to determine the microstructure of the
ash. Six samples were prepared for this study: as-received ash, unfired ash that was
ground at 250 rpm for 20 minutes, ash with no grinding and fired at 950 oC for one hour,
ash ground at 250 rpm for 10 minutes and fired at 950 oC for one hour, ash ground at 250
rpm for 20 minutes and fired at 950 oC for one hour, and ash ground at 250 rpm for 30
minutes and fired at 950 oC for one hour. Each sample was examined using
magnifications of 1 mm, 200 µm, and 100 µm. The study was performed at the Asphalt
Rubber Technology Service (ARTS) lab in Clemson, South Carolina.
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Mortar Properties
Strength Activity Index
A strength Activity Index test was performed in accordance with the ASTM C311
specification to determine the optimal replacement level of cement with biomass fly ash.
Two-inch mortar cubes were created using a water-to-cement ratio of 0.484.
Replacement levels of 0, 10, 20, and 30 percent were measured using both as-received
biomass fly ash and biomass fly-ash that had been fired at 950 oC for one hour. The
compressive strength of the cubes was determined using a Test Mark Compression
Testing Machine. The strength activity index (SAI) was calculated as shown in Eq (3.1).

SAI = Compressive Strength of Sample/Compressive Strength of Control x 100%

(3.1)

Grinding
The effects of grinding were measured in accordance with the ASTM C311
specification. A Retsch Planetary Ball Mill PM100 was used to grind the ash. A steel
ball-to-ash ratio of 5.0 by weight was held constant. The grinding speed was maintained
at 250 revolutions per minute, and grinding time was varied between 10, 20, and 30
minutes. The ground ash was then fired at 950 oC for one hour. Mortar cubes were
created using a water-to-cement ratio of 0.484 and replacing 20 percent of cement with
the various ash samples. The compressive strength was determined using a Test Mark
Compressive Testing Machine and compared to the compressive strength of a control
sample.
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Temperature
The effects of temperature were measured in accordance with the ASTM C311
specification. First, a Retsch Planetary Ball Mill PM100 was used to grind the ash. A
steel ball-to-ash ratio of 5.0 by weight was held constant. The grinding speed was
maintained at 250 revolutions per minute, and the ash was ground for 30 minutes. The
ash was then placed in a Paragon Heat Treating Furnace and fired for one hour at 550,
750, and 950 oC. Mortar cubes were created using a water-to-cement ratio of 0.484 and
replacing 20 percent of cement with the various ash samples. The compressive strength
was determined using the Test Mark Compressive Testing Machine and compared to the
compressive strength of a control sample.

Thermogravimetric Analysis
To determine to what extent the fly ash contributed to the pozzolanic reaction, a
thermogravimetric analysis (TGA) was performed. In a TGA, samples are slowly heated
and the weight is carefully monitored. As compounds are incinerated, the mass
decreases. By knowing the incineration temperature, the amount Ca(OH)2 remaining in a
sample after 7 and 28 days can be determined. A lower amount of Ca(OH)2 indicates a
more pozzolanic reaction.
Seven types of mortar cubes were created for this test. A control was created,
containing no fly ash. Samples were also created using 20 percent replacement of
cement with fly ash that had been ground for 0, 10, 20, and 30 minutes. Additionally,
cubes were created by replacing 10 and 20 percent of the required cement with fly has
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that had been ground for 30 minutes. All of the ash used in the study was fired at 950 oC
for one hour after grinding.
After curing for either 7 or 28 days, the cubes were cut into small slices. The
slices from the center of the cubes were then pulverized using a sledge hammer. The
material passing through a number 50 sieve was collected. Approximately 5 grams of
this material was placed in the TGA testing machine. Results were analyzed using TA
Universal Analysis software.

Concrete Properties
The control concrete samples were created using the following mix design: 420
kg/m3 of cement, 656.4 kg/m3 of oven-dry sand, 1078.1 kg/m3 of oven-dry number 67
aggregate as defined by the ASTM C33 specification, 210.5 kg/m3 of water (w/c = 0.45),
and 2.3 kg/m3 of NaOH. Additional samples were created by replacing 20 percent of the
specified cement with biomass fly ash. The fly ash was first ground at 250 rpm for 30
minutes and heated to 950 oC for one hour.

Compressive Strength
Compression tests were performed in accordance with the ASTM C39
specification, the Standard Test Method for Compressive Strength of Cylindrical
Concrete Specimens.
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Rapid Chloride Permeability
Rapid chloride permeability tests were performed in accordance with the ASTM
C1202 specification, the Standard Test Method for Electrical Indication of Concrete’s
Ability to Resist Chloride Ion Penetration.
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CHAPTER FOUR
RESULTS ANALYSIS AND DISCUSSION

Materials
Craven County Wood Energy
As received, the biomass fly ash appeared dark black and fairly coarse. The color
of coal fly ash tends to vary from tan to pale grey. The black color of the biomass fly ash
is most likely the result of excess carbon resulting from burning inefficiencies at the
power plant. The biomass fly ash changed to a tan color after firing at 950 oC for one
hour. Figure 4.1 illustrates the color differences between cement, coal fly ash, asreceived biomass fly ash, and biomass fly ash fired at 950 oC for one hour.
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A

B

D

C

Figure 4.1: Comparison of Cement and Fly Ash Samples (A – Cement, B – Coal Fly
Ash, C – As-received Biomass Fly Ash, D – Biomass Fly Ash Fired at 950 oC for one
hour)
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Ash Properties
Chemical Composition
The chemical composition of as-received biomass fly ash and biomass fly ash
fired at 950 OC for one hour appears in Table 4.1.

Table 4.1: Chemical Composition
As-Received Ash Ash Fired at 950 OC
Compound

Weight %

Weight %

SiO2

47.14

58.17

Al2O3

5.85

7.07

Fe2O3

3.95

4.75

CaO

13.98

16.77

MgO

2.33

2.81

SO3

1.66

1.79

Na2O

0.63

0.68

K2O

3.52

4.39

TiO2

0.92

1.13

P2O5

1.30

1.58

Mn2O3

0.29

0.35

SrO

0.06

0.07

Cr2O3

0.02

0.02

ZnO

0.07

0.08

BaO

0.11

0.13
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As seen in table 4.1, most of the ash is comprised of SiO2 and CaO. This is a
promising result as both silica and calcium are important components in the cementitous
reaction and in the pozzolanic reaction (See Eqs 1.1 and 1.2). The ASTM C618
specification requires that the silicon dioxide, aluminum oxide, and iron oxide content be
greater than 70 percent for class F fly ash and greater than 50 percent for class C. From
Table 4.1 it can be seen that the silicon, aluminum, and iron contents are 56.94 and 69.99
percent for the as-received ash and the fired ash, respectively. These percentages would
meet the requirements of a Class C fly ash, with the fired ash nearly meeting the
requirements for Class F fly ash.
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Mineralogical Composition
The results from the XRD studies on both the as-received ash and the fired ash can be

[2], 2-theta=26.677(4)

found in Figures 4.2 and 4.3.
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Figure 4.2:
XRD Diffractogram of As-Received Ash (Quartz: 2-theta = 20.9, 26.7,
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A search match study was performed
on the diffractograms generated from the

ash samples. The results from the study indicate the presence of quartz, SiO2, in both the
as-received ash and the fired ash. The diffractogram for the as-received ash also showed
calcite and magnesia. The presence of quartz in the ash is an indication of the crystalline
form of silica. The absence of a broad hump in the diffractograms indicates that very
little glass is present in the samples.
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Loss on Ignition
The results of the loss on ignition study can be found in Table 4.2.

Table 4.2: Loss on Ignition Results
As-Received Ash

Ash Fired at 950 OC

Weight %

Weight %

Free Moisture (Ambient-105 oC)

2.76

0.09

L.O.I (105-750 oC)

17.05

0.11

L.O.I. (750-950 oC)

0.30

0.04

Compound

According to the ASTM C618 specification, the maximum permissible loss on
ignition for a Class F and Class C fly ash is 6.0 percent. The as-received ash has a loss
on ignition of 20.11 percent, clearly not meeting the ASTM C618 specification
requirements. The ASTM C618 specification allows a Class F ash to have a maximum
loss on ignition of 12 percent if approved by the user based on performance records or
laboratory test results, but the as-received ash does not meet this allowance. The fired
ash had a loss on ignition of 0.24 percent, well within the ASTM C618 specifications.
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Microstructure
The microstructure of the ash samples can be seen in Figures 4.4 to 4.6
A

B

Figure 4.4: SEM Images at 100 Micron Magnification of (A) As-Received and (B)
Fired, Not Ground Biomass Fly Ash
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A

B

Figure 4.5: SEM Images at 100 Micron Magnification for Biomass Fly Ash Groudn
for 20 Minutes, (A) Un-fired and (B) Fired at 950 OC for One Hour
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A

B

C

D

Figure 4.6: SEM Images at 100 Micron Magnification for Biomass Fly Ash with
Different Grinding Times (A – Fired, Not Ground; B – Fired, Ground for 10
Minutes; C – Fired, Ground for 20 Minutes; D – Fired, Ground for 30 Minutes)
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Coal fly ash is typically spherical in shape and the diameter varies between less
than 1 micron to 100 microns, with more than half having a diameter less than 20
micrometers [1]. The spherical shape is the result of noncombustible material liquefying
and rapidly cooling. From Figure 4.4 it can be seen that the as-received fly as particles
were much larger, ranging from less than 1 micron to 800 microns. Some of the particles
appeared spherical, but most were angular. Figure 4.6 shows the effect of grinding on
particle size. 10 minutes of grinding reduced the maximum particle size to 200
micrometers, while 20 and 30 minutes of grinding reduced the maximum particle size to
100 micrometers. Well-defined quartz crystals appear in the as-received ash, confirming
the results of the XRD analysis.

Figure 4.7: Unburned Carbon in As-Received Biomass Fly Ash
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Figure 4.7 appears to show the presence of unburned carbon particles. The darker
areas on the SEM indicate less dense materials. In this case, the darker areas represent
particles less dense than the surrounding silica, aluminum, and iron.
Energy-dispersive X-ray spectroscopy (EDS) was used to determine the chemical
composition of specific particles. An example of this can be seen in Figure 4.8 and Table
4.3, while the remaining results appear in Appendix A.
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Figure 4.8: EDS for Biomass Fly Ash Ground at 250 rpm for 20 Minutes and Fired
at 950 oC for One Hour (C – CaCO3, O – SiO2, Mg – MgO, Al – Al2O3, Si – SiO2, K –
MAD-10 Feldspar, Ca – Wollastonite, Fe – Fe)
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Table 4.3: EDS Data for Biomass fly Ash Ground at 250 rpm for 20 Minutes and
Fired at 950 oC for One Hour (C – CaCO3, O – SiO2, Mg – MgO, Al – Al2O3, Si –
SiO2, K – MAD-10 Feldspar, Ca – Wollastonite, Fe – Fe)
Element Weight% Atomic%
CK
OK
Mg K
Al K
Si K

4.48
47.56
0.96
0.79
36.22

7.54
60.12
0.80
0.59
26.08

The most abundant compound in this spectrum is SiO2, making up approximately
83.78 percent by weight. This result confirms the result from the XRD and TGA. From
Appendix A it is clear that SiO2 isn’t the most abundant compound at every single point,
it does appear to be the most abundant in the ash as a whole.
While a high silica content is favorable in pozzolanic materials, crystalline silica
is much less reactive than amorphous silica. From the images in Figures 4.4 to 4.6, it
appears that at least some of the silica is in this crystalline state. Further studies are
needed to confirm the reactivity of the ash.
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Mortar Properties
Strength Activity Index
A strength activity index test was used to determine the optimal cement
replacement level. First two-inch mortar cubes were created using the as-received
biomass fly ash. Samples were created by replacing 0, 10, 20 and 30 percent of the
cement. As the ash content was increased, the dark color of the ash created darker mortar
cubes. 30 percent replacement created the darkest cube, as seen in Figure 4.9.

C – Control
B1 – 10% Biomass
Fly Ash
B2 – 20% Biomass
Fly Ash
B3 – 30% Biomass
Fly Ash
Figure 4.9: Mortar Cubes with Different Replacement Levels of As-Received Ash

Figure 4.10 shows the result of the compressive tests for the various replacement
levels using as-received ash.
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Figure 4.10: Compressive Strength of As-Received Biomass Ash
with Different Replacement Levels

From Figure 4.10 it is clear that the addition of as-received biomass fly ash
significantly reduced the compressive strength of the mortar. At 7 and 28 days, 20
percent replacement appeared to have the best results at 56 and 63 percent of the control,
respectively. The ASTM C618 specification requires that a fly ash have a strength
activity index of at least 75 percent of the control at 7 or at 28 days, so the as-received
ash would not be suitable as a supplementary cementitous material.
After testing the as-received ash, samples were similar created after firing the ash
at 950 oC for one hour. As more ash was added, the cubes acquired a slight tan color as
seen in Figure 4.11
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C – Control
B10 – 10% Biomass
Fly Ash
B20 – 20% Biomass
Fly Ash
B30 – 30% Biomass
Fly Ash

Figure 4.11: Mortar Cubes with Different Replacement Levels of Fired Ash

Figure 4.12 shows the result of the compressive tests for the various replacement
levels using fired ash.
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Figure 4.12: Compressive Strength of Fired Biomass Fly Ash
with Different Replacement Levels
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From Figure 4.12 it can be seen that the fired ash did not reduce the strength of
the mortar as significantly as the as-received ash. At 7 and 28 days, 20 percent
replacement had the highest compressive strength, at 89.13 and 103.52 percent,
respectively. Both of these values are higher than the 75 percent required by the ASTM
C618 specification, so this ash could be used as a supplementary cementitous material.
Figure 4.13 more clearly compares the strength activity index for the different
types of ash and the different replacement levels.
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Figure 4.13: Strength Activity Index Results

From Table 4.11 it is more clear that the optimal replacement level is 20 percent.
It is clear that none of the tests with as-received ash fall above the 75 percent requirement
established by the ASTM C618 specification. It is also clear that both 10 and 20 percent
replacement using the fired ash would be acceptable.
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Grinding
The results of varying the grinding times can be seen in Figure 4.14.

7000
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20 Minutes
30 Minutes
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Figure 4.14: Compressive Strength with Different Grinding Times

Figure 4.14 clearly shows that the compressive strength increases as grinding time
increases. At 7 days, the difference between grinding at 250 rpm for 20 and 30 minute is
insignificant, but at 28 days the difference is more noticible. With 10 minutes of grinding
the strength activity indicies at 7 and 28 days were 69 and 71 percent of the control,
respectively. These were both below the 75 percent required by the ASTM C618
specification. 20 and 30 minutes of grinding produces results greater than 80 percent at
both 7 and 28 days.
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In this study, ash was ground first and then fired. Future studies may try firing the
ash and then grinding. It is possible that firing the ash created some clumps, so firing and
then grinding could further improve the reactivity of the ash.

Temperature
Figure 4.15 shows the effects of varying the firing temperature.

7000

Compressive Strength [psi]

6000
5000
Control

4000

Ambient

3000

550 C
750 C

2000

950 C

1000

0
7-Day

28-Day
Age

Figure 4.15: Compressive Strength with Different Firing Temperatures

From Figure 4.15 it can be seen that there is little correlation between the firing
temperature and the compressive strength between the temperatures of 550 and 950 oC.
While it appears that firing at 750 oC produces the greatest compressive strength, the
difference between the 550, 750, and 950 oC tests is statistically insignificant.
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The sample at ambient temperature contained ash that had not been ground, while
the other samples had been ground at rpm for 30 minutes. Grinding the ash could have
improved its reported compressive strength. Based on the results of the grinding tests the
compressive strength would have been greater, but not to the same levels as the other
samples in this study. From this test it appears that there is some optimal firing
temperature below 550 oC where energy usage is minimized without significantly
impacting compressive strength.

Thermogravimetric Analysis
The TGA Data for one of the samples can be found in Figure 4.16. The
remaining TGA results can be found in Appendix E.

Figure 4.16: TGA Data for 20% Biomass Fly Ash Replacement and 10 Minute
Grinding at 7 Days

47

The TGA measures the weight change as the temperature increases. This data is
represented in the Weight vs. Temperature curve in Figure 4.16. The derivative of the
Weight vs. Temperature curve was plotted using TA Universal Analysis software. Three
distinct weight changes can be seen, represented by the peaks in the derivative curve.
The first occurs as water escapes. The second can be attributed to Ca(OH)2
dehydroxilation, represented by Eq (4.1):

Ca(OH)2 → CaO + 2OH-

(4.1)

The third weight change can be caused from calcium carbonate decomposition.
Samples were placed in a zip-lock bag to minimize the effects of carbonation, but some
carbonation may have occurred while the samples were prepared for testing [15].
The focus of this study is the mass change resulting from Ca(OH)2
dehydroxilation. The reaction presented in Eq. (4.1) occurs between 400 and 500 oC, so
the area under the derivative curve was calculated between 400 and 500 oC. By
comparing this area to that of the control, it is possible to estimate the effectiveness of
different biomass fly ash samples at converting Ca(OH) 2 to C-S-H gel through the
pozzolanic reaction. Figures 4.17 and 4.18 show such comparisons for samples with
different grinding times and with different replacement levels.

48

Percent of Control

100.00%
80.00%
60.00%
7-Day

40.00%

28-Day

20.00%
0.00%
0

10

20

30

Grinding Time [min]

Figure 4.17: Normalized Ca(OH)2 Content in Mortars Using a 20 Percent Biomass
Fly Ash Replacement Level With Different Grinding Times
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Figure 4.18: Normalized Ca(OH)2 Content in Mortars with Different Biomass Fly
Ash Replacement Levels
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A biomass fly ash replacement level of 20 percent was used for each of the
samples presented in Figure 4.17. If the biomass fly ash contributed nothing to the
pozzolanic reaction, the Ca(OH)2 present in the biomass fly ash samples should be 80
percent of the control; conversely, if the biomass fly ash were highly pozzolanic, the
Ca(OH)2 present in the biomass fly ash samples would be close to zero. All of the
values in Figure 4.17 fall between 65 and 80 percent of the control, meaning the biomass
fly ash is contributing to the pozzolanic reaction, but not very extensively.
Figure 4.18 presents different biomass fly ash replacement levels. If the biomass
fly ash contributed nothing to the pozzolanic reaction, at 10, 20, and 30 percent
replacement, the Ca(OH)2 present in the biomass fly ash samples would be 90, 80, and 70
percent of the control, respectively. At a replacement level of 10 percent, the Ca(OH)2
present in the biomass fly ash samples is approximately 90 percent of the control,
suggesting the biomass fly ash did not contribute to the pozzolanic reaction. At
replacement levels of 20 and 30 percent, the Ca(OH)2 present in the biomass fly ash
samples was less than 80 and 70 percent of the control, respectively. This suggests that
the biomass fly ash is converting some of the Ca(OH)2 to C-S-H gel.
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Concrete Properties
Compressive Strength
The results of the compression test can be seen in Figure 4.19.
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Figure 4.19: Compressive Strength of Concrete Using a 20 Percent Replacement
Level

From Figure 4.19 it can be seen that using a 20 percent biomass fly ash
replacement had very little effect on the compressive strength at 7 days. After 28 days
the compressive strength of the sample containing biomass fly ash was significantly
lower than the control. The ASTM C618 specification requires that any samples
containing fly ash have a compressive strength at least 75 percent of the control. In this
test the compressive strength of the biomass fly ash sample was 77 percent of the control
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at 28 days, meeting the ASTM C618 specifications. The difference between the
compressive strength of the control and that of the biomass fly ash sample at 28 days may
be that the pozzolanic reaction is slower than the cementitous reaction. Compressive
tests at later ages could be used to confirm this.

Rapid Chloride Permeability
Figure 4.20 shows the results of the rapid chloride permeability test.
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Figure 4.20: RCP Results

The most important information in Figure 4.20 is the charge passing through the
samples at 6 hours. In the control 3707 C were passing and in the biomass fly ash sample
2826 C were passing. This indicates that the sample using biomass fly ash replacement
was slightly less permeable than the control, but the difference is statistically
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insignificant. According to the ASTM C1202 specification, a value between 2000 and
4000 C is considered moderately permeable. Coal fly ash typically reduces the
permeability of concrete, so it was expected that the biomass fly ash would similarly
reduce the permeability.
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CHAPTER FIVE
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
Summary

The chemical and mineralogical composition of the Craven County biomass fly
ash show that it has a similar composition to coal fly ashes that meet the requirements of
the ASTM C618 specification; however, the glass content of the ash is significantly lower
than that observed in coal fly ash.
An SEM analysis found that the as-received biomass fly ash had a much larger
particle size that that observed in typical coal fly ashes. The particles were also angular
rather than spherical. To improve the surface area, and thus the reactivity, the ash
samples were ground at 250 rpm for 10, 20, and 30 minutes. The SEM analysis found
that after 20 or 30 minutes of grinding the particle size was between 1 and 100 microns,
the same range as coal fly ash. Unburned carbon was also seen in the SEM images of the
as-received biomass fly ash, but none was observed after firing.
Initial tests showed that the biomass fly ash should not be used as a cement
replacement without additional processing. Mortar cubes containing as-received ash had
much lower compressive strengths than samples containing no biomass fly ash. It was
assumed that this reduction is the result of unburned carbon present in the ash. Firing the
ash at 950 oC for one hour removed most of this unburned carbon and the resulting
mortar cubes had a much higher compressive strength. To determine the optimal
replacement level, samples were created by replacing 0, 10, 20, and 30 percent of the
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cement content by mass with fired biomass fly ash. This test found that 20 percent
replacement resulted in the highest strength activity index at both 7 and 28 days.
To improve the reactivity of the material, various grinding regiments were tested.
It was determined that longer grinding times created more reactive ash and improved the
compressive strength of mortar cubes. An optimal grinding time of 250 rpm for 30
minutes was used for the remainder of this study.
While it is important to remove any unburned carbon, heating the ash to 950 oC is
an energy-intensive process. To reduce the energy demand of this process, samples were
created after firing the ash to 550 and 750 oC for one hour. Mortars were cast after
replacing 20 percent of the cement with these ashes, and the compressive strength of
these mortars was compared to that of mortars using a 20 percent replacement level of
biomass fly ash that had been fired at 950 oC for one hour. It was found that the greatest
compressive strength occurred using the mortar that had been fired at 750 oC, but the
differences between the compressive strengths of the mortars were statistically
insignificant. Each of the mortar samples containing fly ash that had been fired had much
greater compressive strengths than the mortars using unfired ash. Further studies should
explore the effects of firing the ash at temperatures under 550 oC, and varying the firing
duration.
A TGA was performed to determine the extent of pozzolanic reaction. No clear
trend was observed when comparing different grinding times, but a slight decrease in
Ca(OH)2 was observed for varying replacement levels. More drastic results were
expected of a pozzolanic material. The pozzolanic reaction is much slower than the
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cementitous reaction, so it is possible results would be improved by performing a TGA
after 90 or 180 days instead of after 7 and 28. It is also possible that heating the material
to 950 oC for one hour caused some of the amorphous silica to crystalize, making it less
reactive. A study by Aaltwair, Johari and Hashim examined palm oil fuel ash and found
that samples should not be heated above 450 oC to prevent the crystallization of the silica
[15]. Future studies should examine the pozzolanic reactivity of later age samples, and
samples should be tested using lower firing temperatures and varying the firing duration.
Concrete properties were measured using compressive strength tests and rapid
chloride permeability tests. Concrete cylinders were cast using a biomass fly ash
replacement level of 20 percent, grinding the ash at 250 rpm for 30 minutes and firing the
ash at 950 oC for one hour. After 7 days the compressive strength of the sample
containing biomass fly ash was comparable to that of the control. After 28 days, the
samples containing biomass fly ash produced a compressive strength 77 percent that of
the control. Coal fly ash increases the compressive strength of concrete over time, and it
was expected that the biomass fly ash would do the same. Both the control and the
sample containing biomass fly ash were considered moderately permeable according to
the ASTM C1202 specification. It was expected that the addition of the biomass fly ash
would significantly reduce the permeability of the concrete.
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Conclusions


The chemical and mineralogical composition of the biomass fly ash was similar to
coal fly ashes that meet the ASTM C618 specification.



Craven County Wood Energy biomass fly ash had a low glass content.



20 percent biomass fly ash replacement produced the most favorable results.



Reducing the particle size through grinding improced the reactivity of the biomass
fly ash.



The as-received biomass fly ash had a high carbon content. Firing the ash was
required to remove this excess carbon.



Even after processing the biomass fly ash, the 28-day compressive strength of a
sample containing 20 percent biomass fly ash was less than that of the control.



The biomass fly ash did not significantly reduce the concrete permeability

Recommendations
This study found that additional processing was required to remove excess carbon
from the ash. This trend may not be true of all biomass fly ash samples. Future tests
should be performed on biomass fly ashes from many different power plants to determine
the impacts of different maximum temperatures, cooling rates, fuel sources, and burning
efficiencies. One of the first tests on new ash samples should be an XRD to determine if
a glassy form of silica is present. The XRD results from the Craven County biomass fly
ash used in this study showed no glassy silica, and no amount of processing could make
the quartz reactive enough to be useful as a supplementary cementitous material. Future
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studies should consider firing temperatures below 550 oC and should vary the firing
duration.
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APPENDICES
Appendix A – SEM and EDS Data

Figure A.1: SEM Image and EDS Graph for As-Received Biomass Fly Ash
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Table A.1: EDS Data for As-Received Biomass Fly Ash
Eleme
nt

CK
OK
Mg K
Al K
Si K
SK
Cl K
KK
Ca K
Fe K
Totals

App
Con
c.
8.78
6.28
0.23
0.55
2.59
0.28
0.15
2.08
4.78
0.51

Intensit Weight
y
%
Corrn.

Weight
%
Sigma

Atomic
%

0.6128
0.4213
0.7364
0.8351
0.8983
0.9169
0.8099
1.0704
0.9661
0.7968

3.12
1.92
0.11
0.14
0.38
0.10
0.09
0.28
0.63
0.24

48.42
37.81
0.53
1.00
4.16
0.39
0.21
2.01
5.01
0.46

34.85
36.25
0.77
1.61
7.00
0.75
0.45
4.72
12.04
1.56
100.00
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Figure A.2: SEM Image and EDS Graph for Biomass Fly Ash Fired at 950 oC with
No Grinding
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Table A.2: EDS Data for Biomass Fly Ash Fired at 950 oC with No Grinding
Eleme
nt

CK
OK
Na K
Mg K
Al K
Si K
PK
KK
Ca K
Mn K
Fe K
Totals

App
Con
c.
1.39
4.10
0.16
0.11
0.19
5.66
0.10
1.86
1.62
0.14
0.18

Intensit Weight
y
%
Corrn.

Weight
%
Sigma

Atomic
%

0.3270
0.4948
0.8418
0.7776
0.8792
0.9404
1.0162
1.0172
0.9305
0.7923
0.8111

2.16
1.34
0.16
0.13
0.13
0.85
0.12
0.34
0.35
0.21
0.23

29.16
42.99
0.70
0.49
0.66
17.69
0.27
3.86
3.59
0.26
0.32

18.27
35.89
0.84
0.63
0.92
25.93
0.44
7.87
7.52
0.75
0.95
100.00
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Appendix B – Strength Activity Index Data

Table B.1: 7-Day Compressive Strength of Mortars with Different Biomass Fly Ash
Replacement Levels
Replacement
Percentage
0
10
20
30
Control
10
20
30

Type
As-received
As-received
As-received
Fired at 950 C for one hour
Fired at 950 C for one hour
Fired at 950 C for one hour

7 Day Strength, psi
Average
1
2
3
3030.00 3212.00 2530.00 2924.00
1401.00 1360.00 1536.00 1432.33
1511.00 1553.00 1892.00 1652.00
898.00
910.00
433.00
747.00
2987.00 3603.00 4497.00 3695.67
3055.00 3167.00 3412.00 3211.33
2858.00 3729.00 3295.00 3294.00
2337.00 2762.00 2523.00 2540.67

Percent of
Control
48.99
56.50
25.55
86.89
89.13
68.75

Table B.2: 28-Day Compressive Strength of Mortars with Different Biomass Fly Ash
Replacement Levels
Replacement
Percentage
0
10
20
30
Control
10
20
30

Type
As-received
As-received
As-received
Fired at 950 C for one hour
Fired at 950 C for one hour
Fired at 950 C for one hour

28 Day Strength, psi
Average
1
2
3
2871.00 3077.00 3690.00 3212.67
2093.00 1968.00 1838.00 1966.33
2143.00 1950.00 1981.00 2024.67
708.00 1081.00
812.00
867.00
3575.00 2969.00 3773.00 3439.00
2346.00 3753.00 2543.00 2880.67
3572.00 3662.00 3446.00 3560.00
2267.00 1685.00 2283.00 2078.33
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Percent of
control
61.21
63.02
26.99
83.76
103.52
60.43

Appendix C – Grinding Data

Table C.1: 7-Day Compressive Strength of Mortars with Different Grinding Times
Grinding
Time, min
0
10
20
30

Source

7 Day Strength, psi
1
2
3
4391.00 6171.00 5629.00

Furned at 950 C for one hour,
3515.00
20% replacement
Furned at 950 C for one hour,
4435.00
20% replacement
Furned at 950 C for one hour,
4731.00
20% replacement

5397.00

Percent of
Control
-

Average

3667.00

4065.00

3749.00

69.46

4340.00

4521.00

4432.00

82.12

4473.00

4309.00

4504.33

83.46

Table C.2: 28-Day Compressive Strength of Mortars with Different Grinding Times
Grinding
Time, min
0

Source
-

28 Day Strength, psi
1
2
3
7544.00 5176.00 7105.00

6608.33

Percent of
Control
-

Average

10

Furned at 950 C for one
hour, 20% replacement

4430.00

4716.00

4992.00

4712.67

71.31

20

Furned at 950 C for one
hour, 20% replacement

5259.00

5316.00

5459.00

5344.67

80.88

30

Furned at 950 C for one
hour, 20% replacement

5776.00

5600.00

5923.00

5766.33

87.26
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Appendix D – Temperature Data

Table D.1: 7-Day Compressive Strength of Mortars Fired at Different
Temperatures
Temperature, C

Type

Ambient
Ambient

Control
As-received
20% replacement, 20
min grinding
20% replacement, 20
min grinding
20% replacement, 20
min grinding

550
750
950

7 Day Strength, psi
1
2
3
4826.00 5004.00 4801.00
1511.00 1553.00 1892.00

4877.00
1652.00

Percent of
Control
33.87

Average

4287.00

3826.00

3185.00

3766.00

77.22

4062.00

3534.00

4300.00

3965.33

81.31

3907.00

3300.00

3839.00

3682.00

75.50

Table D.2: 28-Day Compressive Strength of Mortars Fired at Different
Temperatures
Temperature, C

Type

Ambient
Ambient

Control
As-received
20% replacement, 20
min grinding
20% replacement, 20
min grinding
20% replacement, 20
min grinding

550
750
950

28 Day Strength, psi
1
2
3
5118.00 4881.00
2143.00 1950.00 1981.00

4999.50
2024.67

Percent of
Control
40.50

Average

4419.00

3807.00

4314.00

4180.00

83.61

4288.00

3885.00

4768.00

4313.67

86.28

4030.00

4084.00

-

4057.00

81.15
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Appendix E – TGA Analysis Data

Figure E.1: TGA Data for Control at 7 Days

Figure E.2: TGA Data for 20% Biomass Fly Ash Replacement and No Grinding at 7
Days
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Figure E.3: TGA Data for 20% Biomass Fly Ash Replacement and 10 Minute
Grinding at 7 Days

Figure E.4: TGA Data for 20% Biomass Fly Ash Replacement and 20 Minute
Grinding at 7 Days
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Figure E.5: TGA Data for 20% Biomass Fly Ash Replacement and 30 Minute
Grinding at 7 Days

Figure E.6: TGA Data for 10% Biomass Fly Ash Replacement and 30 Minute
Grinding at 7 Days
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Figure E.7: TGA Data for 30% Biomass Fly Ash Replacement and 30 Minute
Grinding at 7 Days

Figure E.8: TGA Data for Control at 28 Days
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Figure E.9: TGA Data for 20% Biomass Fly Ash Replacement and No Grinding at
28 Days

Figure E.10: TGA Data for 20% Biomass Fly Ash Replacement and 10 Minute
Grinding at 28 Days
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Figure E.11: TGA Data for 20% Biomass Fly Ash Replacement and 20 Minute
Grinding at 28 Days

Figure E.12: TGA Data for 20% Biomass Fly Ash Replacement and 30 Minute
Grinding at 28 Days
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Figure E.13: TGA Data for 10% Biomass Fly Ash Replacement and 30 Minute
Grinding at 28 Days

Figure E.14: TGA Data for 30% Biomass Fly Ash Replacement and 30 Minute
Grinding at 28 Days
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Appendix F – Compressive Strength Data

Table F.1: 7-Day Compressive Strength of Concrete
Type
Control
20% Biomass Replacement, Fired at
950 C for one hour, 30 min grinding

7 Day Strength, psi
1
2
3
3943.00 3781.00 3976.00
-

3625.00

3935.00

3900.00

Percent of
control
-

3780.00

96.92

Average

Table F.2: 28-Day compressive Strength of Concrete
Type
Control
20% Biomass Replacement, Fired
at 950 C for one hour, 30 min
grinding

1
5331.00

28 Day Strength, psi
2
3
5248.00 5680.00

4030.00

4368.00
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4237.00

4
5568.00
-

Percent of
control
5456.75
-

Average

4211.67

77.18
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